Non-square-well potential profile and suppression of blinking in compositionally 
graded Cdi_a,Zn^.Se/Cd^.Zni_a;Se nanocrystals 
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Random blinking is a major problem on the way to successful applications of semiconducting 
nanocrystals in optoelectronics and photonics, which until recently had no practical solution nor 
theoretical interpretation. An experimental breakthrough has recently been made by fabricating 
non-blinking Cdi_a;Zna;Se/ZnSe graded nanocrystals [Nature 459, 686 (2009)]. Here, we report (1) 
an unequivocal and detailed theoretical investigation to understand the properties (e.g., profile) of 
the potential-well and the distribution of Zn content with respect to the nanocrystal radius and (2) 
develop a strategy to find the relationship between the photoluminescence (PL) energy peaks and 
the potential-well due to Zn distribution in nanocrystals. It is demonstrated that the non-square- 
well potential can be varied in such a way that one can indeed control the PL intensity and the 
energy-level difference (PL energy peaks) accurately. This implies that one can either suppress the 
blinking altogether, or alternatively, manipulate the PL energy peaks and intensities systematically 
to achieve a controlled non-random intermittent luminescence. The approach developed here is 
based on the ionization energy approximation and as such is generic and can be applied to any 
non-free-electron nanocrystals. 



1. Introduction 

Quantum dots (QDs) in all fields of applications have 
one intrinsic problem— they blink randomly. Blinking is 
defined by intensity fiuctuations in nanocrystals (NCs) 
or QDs, which is due to intermittent photoluminescence 
(PL) under continuous photoexcitation This blinking 
effect is due to the fiuctuations of PL from an ensemble 
of individual NCs. In other words, the excited electrons 
radiatively recombinc with holes at different rates in in- 
dividual NCs. Such discontinuous PL causes some of the 
QDs to be switched-on (emission) while others remain 
switched-off (due to trapped electrons or holes and also 
due to non-radiative Auger process) [H-Ill- The trapped 
electrons have relatively large recombination lifetimes, 
which vary from one NC to another in an ensemble of 
NCs. The blinking effect was first observed and reported 
by Nirmal et al. [J], and has been discussed extensively 
since then d-Q ■ Interested readers are referred to Rcf . Q 
for a thorough review on the blinking effect. 

These discontinuous emissions are indeed undesirable 
for solar cells, nano-electronics and biological applica- 
tions. Hence, one needs to fine-tune the electronic prop- 
erties of the QDs so as to avoid blinking in the QDs [l[ . 
These random and intermittent emissions in a single NC 
that give rise to the blinking effect, have been suppressed 
recently by custom-designing a compositionally graded 
CdZnSe/ZnSe core/shell structure These graded 

structures have given rise to a series of smaller energy 
levels for the excited electrons to recombine at a faster 
rates within the NCs, which in turn resulted in quasi- 



* Electronic address; |sadwerdna®gmaiI.com| 



continuous emission. Therefore, further theoretical work 
need to be carried out to understand (I) why such com- 
positionally graded structures have increased the recom- 
bination rates and (II) how one can further improve the 
grading and the electron confinement in other material 
systems and core/shell structures to eliminate the blink- 
ing effect. 

Apart from non-blinking effect, the points (I) and (II) 
stated above are also crucial to the advancement of nan- 
otechnologies in different fields such as renewable energy, 
nano-electronics and biomedicine. For example, one of 
the straightforward applications of QDs is in photovoltaic 
solar cells. In the latter application, one does not need 
to control the size and spatial distribution of QDs ac- 
curately since one can achieve an energy gap distribu- 
tion arising from the size non-uniformity of QDs. In 
fact, such non-uniformity enables effective photon en- 
ergy ab sorp tion (between 0.5 to 3.5 eV) from the sun- 
light [9l4ll|. However, the carrier multiplication is not 
effectively enhanced even in the presence of high en- 
ergy photons [l^ili^l- Meanwhile, studies of the electron 
confinement and PL in Si nanostructures 

EMI 

reveal 

that small Si-based QDs absorb higher-energy photons, 
whereas larger QDs absorb photons with lower energy. 
Clearly, fiuctuating recombination rates in these QDs are 
undesirable for a continuous photovoltaic power source. 
On the other hand, QD research fields related to biolog- 
ical applications are also emerging and expanding expo- 
nentially (T7l . [l8l. where QDs have been successfully used 
as bio-probes |l9j and also in biological imaging [20, [2l| . 
Such biological applications give rise to the need to study 
the effect of QD chemical properties and their nanoscale 
size on health and environment, which have been pointed 
out and emphasized in the recent years [l^, [23 - |25| . Many 
of the physical phenomena that enable such applications 
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are essentially based on the points (I) and (II) above. 

Here, we will analyze and understand the variation of 
the energy-level spacing responsible for the non-blinking 
effect in the Cdi_a;Zna;Sc/ZnSc NCs with respect to Zn 
content, x (elemental composition). Our objectives to 
achieve points (I) and (II) mentioned above are (a) to 
rc-intcrpret the experimental results reported in Ref. [l| , 
and (b) to make experimentally viable predictions for 
similar effects in other quantum dot and materials sys- 
tems. The analysis presented here will also enable one 
to predict the PL spectra for the core/shell structure of 
ZnSe/Cdi_a:Zn2,Se NCs, an inverse NC structure as com- 
pared to CdZnSe/ZnSe In (a) we will attempt to in- 
terpret the experimentally measured PL intensities and 
the energy peaks as a function of Zn content (a;). We 
will also develop generic guidelines on the suppression 
of blinking effects in multi-element nanocrystals made of 
non-free-electron materials. 

The paper is organized as follows. The details of 
our model with respect to the ionization energy theory 
(lET) arc given in Section 2. In Section 3, we present 
the detailed analysis on the Cdi-^EZna-Sc/ZuSe nanocrys- 
tals. In Section 4, wc discuss and make predictions on 
the ZnSc/Cdi_^Zn^Sc, an inverse core/shell structure 
of Cdi_a;Zn^Se/ZnSe nanocrystal. The analysis in Sec- 
tion 5 focuses on the effect of grading-depth due to in- 
homogeneous Zn concentration in these NCs. In addi- 
tion, we also evaluate the possibility of achieving the 
sufficient grading-depth for other well-known systems, 
namely, CdSe/ZnS and InCaAs/GaAs. The paper ends 
with a brief concluding section, where the main results 
are summarized. 



2. Model 

Our model for describing the potential wells in elemen- 
tally graded NCs is based on the lET, which relates the 
atomic ionization energy of the constituent atoms to the 
energy level difference of NCs. The Schrodinger equation 
for the lET is given by ^ 



(1) 



The microscopic and mathematical details of the 
Hamilton operator, H and the lET can be found in 
Ref. (23]. The exact eigenvalue is given by £'o where 
Eq is the total energy of the system at zero temperature 
(T = K) and ^ is the energy-level difference (also called 
the ionization energy) in a given NC, which is equivalent 
to the energy peak positions in the PL spectra. By iden- 
tifying ^ as the real energy level difference in NCs and Ej 
as the average atomic energy level differences (averaged 
from all the constituent atoms in NCs) , one can write the 
eigenvalue in Eq. ([1]) as 



Eli 



(2) 



where the subscript i counts the first, second, z 
ionization energy of each constituent atom for a given 
material. Here, J^i En/z gives the changes to the aver- 
age ionization energy of a given NC system. In Eq. ([2]), 
the coefficient /? is defined as 



1± 



/T/many\ 
X^body / 



(3) 



where {V^'^) is the many-body potential. This po- 
tential may increase the real energy level difference in 
a given NC or solid, compared to the atomic ionization 
energy (^ > £'/), or may decrease the real energy level 
difference, so that ^ < Ej. Therefore, the label in 
"±" from Eq. (jSj implies ^ > Ej, whereas "— " implies 
^ < Ej. For example, for electrons, Eq. 1^ can also be 
written as (using Eq. ([3|)) 



Eq + £, — Eq 



many \ 
dy /■ 



(4) 



It is clear that (,> Ej is valid for /3 > 1, while ^ < Ej 
is valid for < /3 < 1. In the subsequent analysis, 
Eqs. (0) — (|4]) will be used to interpret the PL spectra for 
Cdi_2;Zn3;Sc/ZnSe NCs. For example, Eq. (|4]) indicates 
that Eq and (T^body'*') material-specific constants for 
one given composition, and any changes to the composi- 
tion by varying the Zn content, x can be directly related 
to Ej. Therefore, any changes to the elemental compo- 
sition can be related to the Ej and, subsequently, to the 
intensities and energy peak positions in the PL spectra. 



3. Analysis I: Cdi ^^Zn^^Se/ZnSe 

Figure [TJ\ indicates the expected profile of the graded 
potential (almost a parabolic well) as measured in Ref. [l| 
for a Cdi_a;Zni;Se/ZnSe core/shell NC structure. The 
data from PL spectra reported by Wang et al. [l| can 
be written in such a way that the PL spectra satisfy two 
conditions, (i) Pi > P2 > P3 and (n) Pi - P2 < P2 - P3, 
where P denotes the measured PL energy peak positions. 
We also label the PL peak intensities as Ii, I2 and I3, 
respectively. We now interpret the intensity, Ii for the 
PL peak Pi, which corresponds to the Zn content xi; in 
other words, xi (x Ii, X2 ex. I2 and X3 oc /s. Hence, our 
interpretation reads, Xi = 1.00 oc /i, X2 — 0.87 oc I2 and 
X3 = 0.26 oc I3, see Fig. [T]A. for details. The values 1.00, 
0.87 and 0.26 are the normalized PL intensities imported 
from Ref. [H. 

Conditions (i) and (ii), after invoking the lET give rise 
to the potential-well profile as shown in Fig. [T]A.. Note 
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FIG. 1; Panel (A) shows the one-half potential (solid line) for 
the core/shell structure, CdZnSe/ZnSe. The step-like feature 
represents the actual discreet energy levels in the nanocrys- 
tals. Panel (B) shows the expected one-half potential well if 
we were to have ZnSe/CdZnSe as core/shell, i.e., the inverse 
structure of panel (A). The full potential profiles are drawn 
with dashed lines for both (A) and (B). Both panels (A) and 
(B) show the sketches of the confining potentials for the re- 
spective NCs; there is only one confining potential for each 
graded or ungraded NC. Therefore, the three different peaks 
correspond to the three different values of the energy-level 
spacing within the same confining potential rather than three 
different confining potentials. These schematic diagrams are 
not to scale. 



here that we only show the one-half of the potential well 
for convenience. The step-like feature in Fig. [T]A is en- 
tirely due to the changes in the ionization energy (energy- 
level spacing) as a result of changing x with radius, r 
{x{r)) of the NC from the center (r = vq = 0) or from 
the outer surface (r = tnc)- This step-like (discreet en- 
ergy levels) feature can be represented with a continuous 
solid line given in Fig. [T]A that represents the one-half of 
the potential well (the full potential profiles are denoted 
with dashed lines). 

Recall here that in contrast to Ref. we did not as- 
sume Pi ~ P2 = P2 — P3 because this assumption would 
not be consistent with the results of the PL measure- 
ments for all the NCs studied in Ref. This experi- 
ment, as well as our lET model, suggest that the emission 
from all the NCs always satisfies Pi — P2 < P2 — Ps- In- 
deed, the difference between the peak positions Pi — P2 
and P2 — P3 is quite different in our model and the ex- 
periment. This difference may be due to the qualitative 
nature of the lET approximation and values of the ion- 
ization energy used. Nonetheless, what is most impor- 
tant here is that both sets of data do satisfy the essential 
condition Pi ~ P2 < P2 ~ P3 and as such, are consistent. 

The ionization energy (see Table IJ) for the ZnSc shell 



TABLE I: Averaged atomic ionization energies (Ei) for indi- 
vidual ions. These ions are arranged with increasing atomic 
number Z. Note here that the elements, S and Se are an- 
ions, and therefore in the lET calculations one only requires 
to know their first ionization energies. The unit kj/mol is 
adopted for numerical convenience. 



Ion 


Atomic number 


Valence 


Ei 




Z 


state 


(kJ/mol) 


S 


16 


1+ 


1000 


Zn 


30 


2+ 


1320 


Ga 


31 


3+ 


1840 


As 


33 


3+ 


1827 


Se 


34 


1+ 


941 


Cd 


48 


2+ 


1250 


In 


49 


3+ 


1694 



(iJ|'^°") can be approximated (ionization energy approx- 
imation [H, HI) as Ef''" = iZn + iSe = i(1320) + 
^(941) = 1130 kJ/mol. On the other hand, the ionization 
energy for the core, Cdi-ajZu^Se is Ej°'^° = ^[{x)Zn + 
(l-a;)Cd] + iSe. Therefore, for xi = 1.00, £;f °" = 
= 1130 kJ/mol, for X2 = 0.87, Ej°'''= ^ i[(0.87)(1320) + 
(0.13)(1250)] + i(941) = 1126 kJ/mol. For x^ = 0.26, 
we obtain, E""'"" = 1104 kJ/mol. 

We can now recall the PL intensities and rewrite 
them as functionals of x{r): /i[xi(ri)], I2[x2{r2)] and 
-^3 [3^3 ('"3)] J where ri > r2 > r^. As a consequence, smaller 
intensity implies lower content of Zn or smaller x due to 
decreasing r (radially moving inward from the shell to the 
core of the NC). The existence of such functionals have 
been shown experimentally in Y2;Gdi„xV04:Eu'^+ by Wu 
and Yan psj . Furthermore, three-dimensional numerical 
simulations (for a fixed carrier density: 10^^ cm^^s^^) 
were carried out by Benbakhti et al. [29| resulting in the 
carrier-density dependent (or cc-dependent in our case) 
PL intensities. 

Consequently, one can explain the origin of the con- 
ditions, (i) and (ii) discussed above using the ionization 
energy approximation. The reason for (i) is due to de- 
creasing Zn content or x (as one moves inwards into the 
NC) that gives rise to decreasing ionization energies from 
1130 to 1126 kJ/mol and then to 1104 kJ/mol. Note here 
that the ionization energy is the atomic energy level dif- 
ference (or the energy- level spacing). Condition (ii) is 
also satisfied: 1130 — 1126 — 4 kJ/mol = 41 meV/atom 
and 1126 - 1104 = 22 kJ/mol = 228 meV/atom, thus, 
41 < 228 meV/atom. From Ref. fl|, condition (ii) reads 
Pi — P2 = 156 meV, P2 ^ -P3 = 171 mcV and therefore, 
156 < 171 meV. 

All the ionization energy values prior to averaging were 
taken from Ref. [s^. The lET approximation has been 
shown to be accurate in non-free-electron solids of any di- 
mensions (from zero (QD)- to three-dimensional (bulk) 
materials) that can be used to understand the proper- 
ties of strongly correlated matter [23] . Furthermore, it 
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is also worth to mention that there are reports on the 
growth of graded Sii-^Gx, InSb and GaAs QDs via the 
plasma-assisted nano-assembly [30l - l33l |. In these stud- 
ies, it was shown that the grading of elemental compo- 
sition in the QDs can be controlled systematically. In- 
terestingly, the plasma-assisted growth mechanism have 
been successfully implemented experimentally to synthe- 
size the Sii-xCx QD arrays 3J] and iron oxide nanos- 
tructures [35|. Further details on this experimental and 
numerical techniques can be found in the Refs. f36l - l38j . 
In the following section, we will study and predict the 
PL properties of the ZnSe/Cdi_i^Zna;Sc structure. 



4. Analysis II: ZnSe/Cdi-a^Ziia^Se 

In previous sections, we have explained the essential 
experimental PL results presented in Ref. namely 
the changes of PL intensities, conditions (i) and (ii). 
The next step is that we need to use this information 
to further elaborate the approach to suppress blinking 
in NCs of different elemental compositions. These pre- 
dictions are particularly important for the development 
of new and improved non-blinking nanocrystalline ma- 
terials. We also propose the possibility to vary the po- 
tential well of any non- free-electron NCs and/or QDs at 
will by simply changing the elemental grading, x{r). The 
changes to this potential well can be estimated accurately 
by measuring the intensities, the PL energy peak posi- 
tions [condition (i)] and the energy difference between 
the PL energy peak positions [condition (ii)]. 

For example, we expect the potential well for the 
core/shell ZuSe/Cdi-xZu^jSe structure (Fig. [Tj3) to be 
different compared to the core/shell structure for the 
Cdi_^Zn^Se/ZnSe NC discussed earlier (Fig. [1]?V). The 
reason is that Ef^"^^^ < Ef^°^ and this inequality implies 
that the ionization energy increases with the depth of the 
NC, or as one moves inwards (decreasing r) into the NC. 
In the case discussed earlier with the Cdi_^Zna;Sc/ZnSc 
NC, we had Ef°^^ > Ef". The latter inequality implies 
decreasing ionization energy due to decreasing Zn con- 
tent as one approaches the center of the NC. Recall here 
that Ef"^ > Ef^. This last inequality together with the 
dependence x(r) define the profile of the potential well in 
these NCs. By controlling the x{r) accurately via diffu- 
sion or by any other means one should be able to control 
both the potential well profile and hence the strength of 
the electron confinement in NCs. In the following section, 
x{r) will be revisited with further analysis. 



5. Further analysis and predictions for other 
nanocrystalline systems 

Let us now use Eqs. (I2|) — (|4]) to demonstrate that the 
/3 [Eq. ^] for NCs is bounded in < /? < 1, in which 
^ < Ej. It is clear from the above discussion that the real 
energy level differences (^) in the NC, Cdi_.^Zn2.Sc/ZnSc 



satisfy the inequality, ^(156 and 171 mcV/NC) < £'7(41 
and 228 meV/atom). Therefore, Eq. Q can be rewritten 
as 



Eq + ^ — Eq 



EEii 
z 



/T rinanyv 
\^body /' 



(5) 



where < /3 < 1. From Eq. ^ and the definition of 
Eq. (131), we obtain /3i2 = (156/41) atom/NC and h?, = 
(171/228) atom/NC. Since the number of atoms in a ^--^5 
nm diameter NC in Ref. [l[ is definitely much larger than 
10 atoms and therefore /3i2 and are indeed bounded 
in < /3 < 1. This means that the potential well is sensi- 
tive to the small changes to the elemental composition x, 
or the Zn content. Here, /3 = gives rise to free-electron 
system, while P = 1 implies that one can make accurate 
quantitative predictions, even after invoking the ioniza- 
tion energy approximation. Finally, the effect of satisfy- 
ing /3 > 1 is similar to < /3 < 1 as explained above. 

We can now extend our approach to other well- 
known systems, namely, CdSe/ZnS |4l[ and In- 
GaAs/GaAs [42|. Table HIl lists the averaged atomic ion- 
ization energies [Ei) for four different core/shell struc- 
tures, CdSe/ZnS, CdSe/ZnSe, CdZnSe/ZnSe and In- 
GaAs/GaAs. In these structures, all the Ei values for the 
cores are smaller than the shells, which in turn implies 
that these NCs, if graded, will feature the non-square- 
well potential similar to the one sketched in Fig. [T]A. 
(dashed line). If on the other hand, one switches the 
corc(Y)/shcll(Z) structure to corc(Z)/shell(Y), then it is 
possible to obtain the non-square- well potential described 
in Fig. [1)3 (also labeled with a dashed line). 



TABLE II: Averaged atomic ionization energies (-E/) for the 
core/shell structure of a given NC. The difference of the ion- 
ization energies between the core and shell are labeled with 
lAI. See text for details. 



core/shell NC 


Core 


Shell 


|A| 




(kJ/mol) 


(kJ/mol) 


(kJ/mol) 


CdSe/ZnS 


1095 


1160 


65 


CdSe/ZnSe 


1095 


1130 


35 


CdZnSe/ZnSe 


1113 


1130 


17 


InGaAs/GaAs 


1787 


1834 


47 



The second issue arising from Table [IT] is the magni- 
tude of |A| = \Ef' - £;f ''"I for different NC structures. 
For example, one can arrange the NC structures in the 
order of increasing |A|: CdZnSc/ZnSc (17 kJ/mol) — > 
CdSe/ZnSe (35 kJ/mol) ^ InGaAs/GaAs (47 kJ/mol) 

CdSe/ZnS (65 kJ/mol). One can use this information 
to further understand the required grading-depth (GD) 
to suppress the blinking effect in nanocrystals. The GD 
in this case can be defined as the average length of a Zn 
ion can diffuse into the core in a CdZnSc/ZnSc nanocrys- 
tal. 
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Figure [2] shows the details of the GD for the NC based 
on Fig. Hp. In this case, GD = r^^^^f/XCdo.sZno.sSe) - 
r°"*g''(ZnSe), which suggests that the gradient of Zn con- 
centration within this GD range [sandwiched between 
rXiT(Cdo.5Zno.5Se) and r°„"t°'^(ZnSe)] can be large if |A| 
is made small. Otherwise, the concentration gradient has 
to be small. The small concentration gradient can only 
be achieved by having a larger GD. This latter scenario 
may limit the strength of the electronic confinement due 
to size-constraint because a large GD means a large NC 
size, and hence, a weak electron confinement. 



r = To = 
A 



r = tnc 



The three-level excitations shown in Fig. [T] correspond to 
three energy peaks, Pi{Ii) oc |A|i, P2{l2) oc |A|2 and 
P3(/3) oc |A|3. Recall here that the PL energy peak in- 
tensities (/) are related to x and therefore, to Ej for a 
given energy peak position (P), and this is how the P is 
related to /. This means that if x is constant, then P{I) is 
also constant throughout the NC. Apart from that, one 
should also be aware that the phonons within the NC 
may also significantly affect the relaxation lifetimes [3l ■ 
Extensive discussion on this phonon-assisted relaxation 
lifetime issue within the lET is given in Ref. [i^. We 
emphasize here that our analysis based on the lET is 
complementary to the interpretations given in Ref. 



6. Conclusions 



ZnSe I 
GD -» Cd[i-x(r)iZnx(r)Se 

Cd(o.5)Zn(o.5)Se 

FIG. 2: The definition of the grading-depth (GD) of a NC 
given in a two-dimensional diagrammatic form. Each re- 
gion (separated with solid vertical lines) has difi'erent x or Zn 
concentration (follow the arrows pointing downward). How- 
ever, the Zn-concentration gradient [x = x{r)] only exist be- 
tween the core, ZnSe [fixed x — 1 below r°orc'^(ZnSe)] and the 
shell, Cdo.5Zno.5Se [fixed x = 0.5 above rg™iT(Cdo.5Zno.5Se)]. 
Therefore, the radius of the NC satisfies the inequality, ro < 
r?o"*|'(ZnSe) < r(Cdi_,Zn,Se) < ri£SiT(Cdo.5Zno.5Se) < rNC- 



As such, it is relatively easy to suppress the blinking 
effect for a CdSe/ZnSe nanocrystal because the required 
GD is smaller, as compared to InGaAs/GaAs. For a 
InGaAs/GaAs nanocrystal, one needs In to diffuse far 
enough (smaller In concentration gradient) toward the 
shell to suppress the blinking effect due to large |A|. In 
other words, |A|gdSe < |A|{jg(^^s _^ 35 < 47 kj/mol. 

Smaller | A| also means shorter relaxation lifetimes, which 
are required to obtain a non-blinking NC as pointed out 
in Ref. [l|. 

From our analysis presented above, we propose here 
that the origin of the blinking effect, apart from the 
commonly accepted trapped electrons and non-radiative 
43|, could also be due to large concentration 



processes 

gradients quantified by the value |A|. Indeed, large |A| 
implies longer relaxation lifetime as reported by Rajesh 
et al. 0- Note here that the gradient for an ungraded 
NC is infinity (large |A|) at the interface between the 
core and the shell in complete agreement with our anal- 
ysis thus far. Systematic grading of the NC composition 
splits the single- level excitation (P oc | A|) in an ungraded 
NC to a smaller multi- level excitations in a graded NC. 



In conclusion, we have considered the variation of the 
ionization energy or the energy-level spacing within the 
nanocrystals to explain the blinking effect suppression. 
The ionization energy theory approximation has been 
employed to take this energy-level spacing variation into 
account. By knowing the values for the atomic ioniza- 
tion energy Ej and the band gap difference |A| between 
the core and shell in a given nanocrystal, one can pre- 
dict the possibility of achieving effective non-blinking in 
graded NCs and/or how to switch the randomly blinking 
nanocrystals into a coherently emitting NCs. Moreover, 
by measuring the PL spectra (both intensities and the 
energy peaks), one can actually understand the blinking 
properties of the NC by studying their non-square-well 
potential profiles. This information can then be used 
to fine-tune the composition and structure of NC ma- 
terials to optimize the luminescence quality and yield. 
In other words, one can either completely suppress the 
blinking effect or, alternatively, obtain highly-controlled 
intermittent emission. We have also presented the possi- 
bility to use the PL spectra to understand the formation 
of the potential well in non-blinking NCs. In addition, 
one can fine-tune the single and smooth potential-well 
by controlling the x{r) or the diffusion of Zn from the 
shell, ZnSe into the core, Cd1_.rZn2.Sc. Such graded NCs 
can be systematically analyzed using the PL spectra that 
in turn could be useful to design new non-blinking NCs 
and non-random-blinking NCs. The potential-well pro- 
files for the core/shell, ZnSe/Cdi„2;Znj,Se NCs and their 
relations with the emission intermittency can be straight- 
forwardly verified experimentally. Finally, our approach 
is generic and can be applied to design a large variety of 
photon emitting devices, from single-photon emitters re- 
quired for nanophotonics to high-intensity light emitting 
diodes, the ultimate light sources of the future. 



Acknowledgments 

A.D.A. would like to thank Kithriammal Soosay for the 
support. K.O. acknowledges the partial support from the 



6 



Australian Research Council (ARC) and the CSIRO. 



X. Wang, X. Ren, K. Kahen, M. A. Hahn, M. Ra- 
jeswaran, S. M.-Zacher, J. Silcox, G. E. Cragg, A. L. 
Efros, T. D. Krauss, Nature 459, 686 (2009). 
V. I. Klimov, A. A. Mikhailovsky, S. Xu, A. Malko, J. 
A. Hollingsworth, C. A. Leatherdale, H. -J. Eisler, M. G. 
Bawendi, Science 290, 314 (2000). 

R. R. Cooney, S. L. Sewall, D. M. Sagar, P. Kambham- 
pati, Phys. Rev. Lett. 102, 127404 (2009). 
M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J. Mack- 
lin, J. K. Trautman, T. D. Harris, L. E. Brus, Nature 
383, 802 (1996). 

D. E. Gomez, J. v. Embden, J. Jasieniak, T. A. Smith, 
P. Mulvaney, SmaU 2, 204 (2006). 

S. Wang, C. Querner, T. Emmons, M. Drndic, C. H. 

Crouch, J. Phys. Chem. B 110, 23221 (2006). 

Ch. Rajesh, A. D. Lad, A. Ghangrekar, S. Mahamuni, 

Solid State Commun. 148, 435 (2008). 

K. Dunn, J. Derr, T. Johnston, M. Chaker, F. Rosei, 

Phys. Rev. B 80, 035330 (2009). 

M. A. Green, Prog. Photovohaic 9, 137 (2001). 

E. C. Cho, S. W. Park, X. Hao, D. Y. Song, G. Conibeer, 
S. C. Park, M. Green, Nanotechnology 19, 245201 (2008). 
R. F. Service, Science 319, 718 (2008). 

G. Nair, M. G. Bawendi, Phys. Rev. B 76, 081304(R) 
(2007). 

G. Nan, S. M. Geyer, L. -Y. Chang, M. G. Bawendi, 
Phys. Rev. B 78, 125325 (2008). 

J. Derr, K. Dunn, D. Riabinina, F. Martin, M. Chaker, 

F. Rosei, Physica E 41, 668 (2009). 

I. Sychugov, R. Juhasz, A. Galeckas, J. Valenta, J. Lin- 
nros. Opt. Mater. 27, 973 (2005). 

M. L. Ciurea, V. lancu, M. R. Mitroi, Solid State Elec- 
tron. 51, 1328 (2007). 

V. Biju, T. Itoh, A. Anas, A. Sujith, M. Ishikawa, Anal. 
Bioanal. Chem. 391, 2469 (2008). 

K. K. Coti, M. E. Belowich, M. Liong, M. W. Ambrogio, 

Y. A. Lau, H. A. Khatib, J. L Zink, N. M. Khashab, J. 

F. Stoddart, Nanoscale 1, 16 (2009). 

F. Pinaud, X. Michalet, L. A. Bentilila, J. M. Tsay, S. 

Doose, J. J. Li, G. Iyer, S. Weiss, Biomaterials 27, 1679 

(2006). 

P. Sharma, S. Brown, G. Walter, S. Santra, B. Moudgil, 

Adv. Colloid Interface Sci. 123-126, 471 (2006). 

J. K. Jaiswal, S. M. Simon, Trends Cell Bio. 14, 497 

(2004). 

V. Biju, Y. Makita, T. Nagase, Y. Yamaoka, H. Yoko- 
hama, Y. Baba, M. Ishikawa, J. Phys. Chem. B 109, 
14350 (2005). 

P. H. M. Hoet, I. B. Hohfield, O. V. Salata, J. 



Nanobiotechnol. 2, 12 (2004). 
[24] B. Sahoo, M. Goswami, S. Nag, S. Maiti, Chem. Phys. 

Lett. 445, 217 (2007). 
[25] C. Q. Sun, Prog. Solid State Chem. 35, 1 (2007). 
[26] A. D. Arulsamy, K. Ostrikov, J. Supercond. Nov. Magn. 

22, 785 (2009). 

[27] A. D. Arulsamy, Many-body Hamiltonian Based on Ion- 
ization Energy Concept: A Renormalized Theory to Study 
Strongly Correlated Matter and Nanostructures, PhD 
Thesis, The University of Sydney (2009). 

[28] J. Wu, B. Yan, J. Alloys Compnd. 455, 485 (2008). 

[29] T. Benbakhti, D. Mehal, S. K. Krawczyk, G. Bassou, 
Microelectron. J. 30, 643 (1999). 

[30] I. Levchenko, A. E. Rider, K. Ostrikov, Appl. Phys. Lett. 
90, 193110 (2007). 

[31] A. E. Rider, I. Levchenko, K. Ostrikov, J. Appl. Phys. 
101, 044306 (2007). 

[32] A. E. Rider, I. Levchenko, K. Ostrikov, Nanotechnology, 
19, 355705 (2008). 

[33] A. E. Rider, K. Ostrikov, Surf. Sci. 603, 359 (2009). 

[34] Q. J. Cheng, S. Y. Xu, K. Ostrikov, J. Mater. Chem. 19, 
5134 (2009). 

[35] U. Cvelbar, Z. Chen, M. K. Sunkara, M. Mozetic, SmaU 

4, 1610 (2008). 
[36] K. Ostrikov, Rev. Mod. Phys. 77, 489 (2005). 
[37] U. Cvelbar, K. Ostrikov, A. Drenik, M. Mozetic, Appl. 

Phys. Lett. 92, 133505 (2008). 
[38] Q. J. Cheng, S. Xu, J. D. Long, K. Ostrikov, Appl. Phys. 

Lett. 90, 173112 (2007). 
[39] M. J. Winter, (www.webelements.com). The Elements 

Periodic Table: Essential Data and Description. 
[40] B. O. Dabbousi, J. R. Viejo, F. V. Mikulec, J. R. Heine, 

H. Mattoussi, R. Ober, K. F. Jensen, M. G. Bawendi, J. 

Phys. Chem. B 101, 9463 (1997). 
[41] Y. Zhang, V. K. Komarala, C. Rodriguez, M. Xiao, Phys. 

Rev. B 78, 241301 (2008). 
[42] J. Siegert, S. Marcinkevicius, A. Gaarder, R. Leon, S. 

Chaparro, S. R. Johnson, Y. Sadofyev, Y. H. Zhang, 

Phys. Status Solidi C 0, 1213 (2003). 
[43] P. SpiniceUi, B. Mahler, S. Bull, B. Dubertret, J-. P. 

Hermier, ChemPhysChem 10, 879 (2009). 
[44] E. A. Zibik, T. Grange, B. A. Carpenter, N. E. Porter, R. 

Ferreira, G. Bastard, D. Stehr, S. Winner!, M. Helm, H. 

Y. Liu, M. S. Skolnick, L. R. Wilson, Nature Materials 

8, 803 (2009). 

[45] A. D. Arulsamy, K. Ostrikov, Controlling electronic and 
adiabatic isolation of quantum dots from the substrate: 
An ionization-energy theoretic study, I arXiv:081 1.26311 



